Background: Phosphatase and tensin homolog (PTEN) hamartoma tumor syndrome (PHTS) is caused by germ line mutations in the PTEN gene. Symptoms include cancer predisposition, immune deviations, and lipomas/lipomatosis. No causal standard therapy is available. We describe a therapeutic attempt with the mammalian target of rapamycin (mTOR) inhibitor sirolimus for a PHTS patient suffering from thymus hyperplasia and lipomatosis. We furthermore assessed the in vitro effects of sirolimus and other inhibitors on lipoma cells of the patient. Methods: The patient underwent clinical and blood examinations and whole-body magnetic resonance imaging to assess tumor sizes. Lipoma cells of the patient were incubated with inhibitors of the phosphoinositide-3-kinase (PI3K)/AKT/ mTOR signaling pathway to analyze the effects on proliferation, adipocyte differentiation, and survival in vitro. results: Sirolimus treatment improved somatic growth and reduced thymus volume. These effects diminished over the treatment period of 19 mo. Sirolimus decreased lipoma cell proliferation and adipocyte differentiation in vitro but did not cause apoptosis. PI3K and AKT inhibitors induced apoptosis significantly. conclusion: Sirolimus treatment led to an improvement of the patient's clinical status and a transient reduction of the thymus. Our in vitro findings point to PI3K and AKT inhibitors as potential treatment options for patients with severe forms of PHTS.
P
hosphatase and tensin homolog (PTEN) dephosphorylates phosphatidylinositol-3,4,5-triphosphate in the phosphoinositide 3-kinase (PI3K)/AKT/mammalian target of rapamycin (mTOR) signaling pathway. Germ line mutations in PTEN cause disorders, variable in severity and progression of symptoms-summarized as PTEN hamartoma tumor syndrome (PHTS) (1) . The true prevalence is unknown but is estimated to be 1 in 200,000-250,000 (2) for Cowden syndrome, a subtype of PHTS. Patients develop hamartomatous tumors, intestinal polyposis, vascular malformations, and lipomas and have an increased life-time risk for breast, thyroid, and endometrial cancers (3, 4) . The first reported successful treatment attempt with the mTOR complex 1 (mTORC-1) inhibitor sirolimus for a patient with PHTS described a reduction of tumor masses and improvement of the patient's general state (5) . More recently, an experimental oral sirolimus treatment of vascular malformation in a patient with PHTS, subtype Bannayan-Riley-Ruvalcaba Syndrome, was reported (6) . We here describe the case of a child with an extreme phenotype of PHTS, including lipomatosis and severe cachexia. An individualized sirolimus treatment resulted in an improvement of the patient's symptoms. In vitro findings supported the treatment efficacy. However, after 19 mo of treatment, tumor growth accelerated again, indicating adaptation of tumor cells to mTORC-1 inhibition.
RESULTS

Clinical Findings
The patient was born as the third child of nonconsanguineous parents without a relevant family history. After birth, the patient presented as a healthy child (length: 55 cm, >90th percentile; weight: 3,900 g, >85th percentile; and head circumference: 39 cm, >97th percentile). However, the patient's state worsened into severe cachexia, with complete loss of subcutaneous adipose tissue (Figure 1a,b) . A fasting glucose level of 1.9 mmol/l (35 mg/dl; reference: 3.6-5.6 mmol/l) was detected at the age of 42 mo. Attempts of oral hypercaloric nutrition failed. Parents refused nasogastric feeding. The patient's growth rate slowed down to a complete growth arrest in his fourth year (Figure 2d,e) . At the age of 6 mo, he presented with dysphagia and episodes of shortness of breath due to hyperplastic tonsils and an enlarged thymus. The thymus was histologically characterized by lymphoid hyperplasia with large fractions of fatty streaks. A colonoscopy revealed an intestinal lymphoid hyperplasia (7) . Furthermore, abdominal lipomatosis, fatty infiltrations of the back muscles and the upper leg, and multiple solitary lipomas were observed. Histology 
Articles
revealed that the benign fatty tumors were composed of about 80% white adipocytes with insular spots of multilocular cells, appearing as brown adipocytes. Subsequently, the tumors grew progressively, and additional lipomatous swellings under the skin appeared. Volumes of the tumor masses at the age of 42 mo are illustrated in the three-dimensional reconstruction of a magnetic resonance image (Figure 1c,d and Supplementary Video S1 online).
Sanger sequencing of PTEN revealed no point mutations in the exons and flanking regions. However, a large heterozygous PTEN deletion of the exons 2-9 of the nine exons was discovered in the patient's peripheral blood cells, cultured fibroblasts, and cultured lipoma cells using multiplex ligation-dependent probe amplification. The parents and siblings tested negative for the deletion. Further investigations via microarray-based comparative genomic hybridization revealed the deletion to be located between positions chr10:89,629,799 bp and chr10:89,781,899 bp. Exons 2-9 of the PTEN gene and about 53,400 bp downstream of the PTEN gene were found to be deleted.
Effects of Sirolimus Treatment
The abdominal lipomatosis led increasingly to severe compromise of mobility and breathing. Surgical lipoma reduction and chemotherapy were not justified due to the clinical state of the child. Given the published case of successful sirolimus treatment for Proteus syndrome (5), the known dose and safety profile, and the plausible mechanism of blocking being increased PI3K signaling downstream of PTEN, an individualized therapy attempt with sirolimus was initiated at the age The open circle indicates a measurement with a concentration higher than the detectable limit, >1,680 ng/ml; the shaded areas indicate the duration of sirolimus treatment. of 46 mo. The patient received a daily oral sirolimus dose of 0.1 mg/kg body weight. Aimed serum levels (5-10 ng/ml) were reached and monitored at regular intervals. After 4 wk of sirolimus therapy without side effects, the parents reported subjective improvement of physical and mental activity. Although serum levels of human insulin-like growth factor (IGF)-I (20.8, 14.1-34.3, and −3.33 µg/l (median, range, and mean SD score, respectively) and IGF-binding protein (IGFBP)-3 (0.32, 0.22-0.56, −8.27 µg/l) remained lower than age-matched reference values before and during sirolimus therapy, a catch-up growth of 4.8 cm (±0.57 SD score) was determined during the first 4 mo of therapy (Figure 2d) . After 1 y of treatment, the patient was able to walk and to attend kindergarten. However, the catch-up growth slowed down. A whole-body magnetic resonance imaging conducted after 4 mo of treatment revealed a regression of the thymus (7). We measured a reduction of thymus size from 246 to 99 cm 3 . The changes in the subsets of blood lymphocytes under therapy were reported earlier (7). Another whole-body magnetic resonance imaging (MRI) after 19 mo of sirolimus therapy showed recurrent growth of the thymus up to the size before therapy (273 cm Figure 1i-k) . The lipoma at the neck showed no significant changes in volume over the observed time course (Figure 1d,m-p) . The lack of subcutaneous adipose tissue of the patient persisted, and body weight slightly increased by only 750 g. Sirolimus administration was stopped after 19 mo due to the absence of clinical benefit. Another MRI was conducted 8 mo after cessation of the sirolimus treatment. The thymus volume increased further up to 376 cm 3 (Figure 1d,h ), but no further growth of the abdominal lipomatosis was found (Figure 1d,l) .
Leptin and adiponectin serum levels were measured during sirolimus treatment. Interestingly, the high leptin levels decreased from 2.9 to 1.1 ng/ml (reference: 0.2-1.19 µg/l, 5th-95th percentile range) after the start of therapy but increased subsequently up to values measured initially-and greaterafter treatment cessation (Figure 2a) . Adiponectin levels increased under sirolimus treatment and persisted at median values of 25.7 (range: 22.5-30.0 µg/ml) within the upper range of the reference interval (2.33-26.50 µg/ml, 5th-95th percentile range). After cessation of sirolimus treatment, the values decreased to initial levels (Figure 2b) . IGFBP-2 has been proposed as a diagnostic marker for the success of sirolimus therapy (5). To verify this, IGFBP-2 concentrations were measured in serum samples taken at every consultation of the patient. IGFBP-2 levels were highly variable and elevated compared with reference values (277-640 ng/ml, 5th-95th percentile range). However, no statistically significant difference between the concentrations before and under sirolimus therapy was found (Figure 2c) .
Effects of Sirolimus In Vitro
We tested the effects of sirolimus, everolimus, and temsirolimus on proliferation, apoptosis, and terminal adipose differentiation of lipoma cells in vitro. Viability assays revealed a 42.5 ± 3.7% decrease of viability after 96 h of sirolimus treatment (100 nmol/l). Everolimus and temsirolimus showed lower effects at equimolar concentrations (Figure 3a) . Furthermore, sirolimus caused a significant inhibition of adipose differentiation by 56.4 ± 9.1% (P < 0.01) at 100 nmol/l (Figure 3b) . We found no evidence for an apoptotic/cytotoxic effect of sirolimus (Figure 3c ) or its analogues ( Table 1) . Western blots revealed a decreased phosphorylation of the mTORC-1 target p70S6 kinase (p70S6K) after 48 h of sirolimus preincubation followed by stimulation with IGF-I. Under the same conditions, decreased levels of phospho(S636/639) insulin receptor substrate 1 (IRS1) and increased levels of phospho(S473 and T308) AKT were observed (Figure 3e) , indicating that the feedback inhibition of AKT mediated by mTORC-1, p70S6K, and IRS1 was attenuated by sirolimus (8) .
Other Inhibitors of the PI3K/AKT/mTOR Pathway
Because preferential mTORC-1 inhibitors did not induce apoptosis of lipoma cells in vitro, we tested other inhibitors of the PI3K/AKT/mTOR pathway. An overview is given in Table 1 . The mTORC-1/-2 inhibitors WYE-354 (9) and KU-0063794 (10) suppressed lipoma cell viability by 76.1 ± 1.8 and 75.8 ± 0.1%, respectively, but did not induce apoptosis. The combined mTORC1/2 and PI3K inhibitor NVP-BEZ235 (11) showed similar effects. In contrast, apoptosis was induced by the PI3K inhibitor LY294002 by 74.2 ± 5.2%. Perifosine, an AKT inhibitor, decreased viability almost completely by 96.4 ± 0.6% and increased the number of apoptotic lipoma cells by 84.5 ± 0.9% (Figure 3d) .
DISCUSSION
The clinical management of PHTS is restricted to genetic counseling, surveillance for malignancies, and surgical interventions (12, 13) . A causal pharmacological therapy could be based on functional compensation of the dysregulated PTEN/ AKT/mTOR signaling pathway. Two successful attempts of oral treatment with the mTORC-1 inhibitor sirolimus for patients with PTEN mutations have been reported (5, 6 ). The treatment attempt described here was the first PHTS case in which lipoma adipocytes were the focus of treatment, whereas other cell types, e.g., endothelial cells, were targeted in other patients (6) . Under sirolimus therapy, the growth of the patient's abdominal lipomatosis was attenuated, but the tumor volume was not reduced. These findings are in line with another case of successful sirolimus treatment for a child with a PTEN mutation, in which no changes in fatty tumor masses or subcutaneous adipose tissue were reported (5). We do not have clear evidence that sirolimus treatment did affect the patient's lipomatosis because the lipomatosis did not increase in size again after cessation of the sirolimus treatment. The attenuation of lipoma growth could have been simply an expression for the tragic state of cachexia in the patient, inhibiting further growth
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Articles of the lipomas. In contrast, the decrease of the thymus volume under sirolimus therapy and the regrowth after cessation of treatment indicate convincingly a beneficial effect of sirolimus for the patient. The recurrence of the hyperplastic thymus after 19 mo of sirolimus therapy might be due to an acquired resistance, as has been reported before for patients treated with sirolimus analogues (14) . Different mechanisms, such as hyperactivation of the AKT (14) or of the mitogen-activated protein kinase (MAPK) pathway (15) could be responsible for the potential resistance. Marsh et al. (5) reported decreased IGFBP-2 serum levels under sirolimus therapy of a patient with PHTS and reelevation during cessation of therapy for 12 wk. We suspect the high IGFBP-2 levels in our patient to be an indicator of the severe state of cachexia or the decreased PTEN activity, as proposed elsewhere (16) , rather than being a disease marker. Lowered leptin serum levels, as seen in our patient, might be a more relevant marker for therapy success in patients with PHTS presenting with fat-containing tumors.
When studying the effects of sirolimus in vitro in preadipocytes derived from a lipoma of the patient, we found a significant decrease of viability and terminal adipose differentiation under sirolimus treatment in vitro already at concentrations (10 nmol/l) comparable with therapeutic serum levels of the patient. In contrast with our results, other groups reported apoptotic effects of sirolimus on tumor cells with deficient p53 or p21 function (17) or at micromolar concentrations (18) . Analysis of pathway activation after treatment with sirolimus revealed an attenuated activation of the mTORC-1 target p70S6K, which is in line with the observed antiproliferative effect of sirolimus on the lipoma cells. Interestingly, after 48-h treatment with sirolimus, we found decreased IRS1 serine phosphorylation and a concomitantly increased AKT phosphorylation. This AKT hyperactivation (14) could be a possible mechanistic explanation for the sirolimus resistance observed in our patient. We have to acknowledge that a limitation of our in vitro studies is the lack of age-and sex-matched healthy control preadipocytes to estimate the effect of the inhibitors on normal adipose tissues.
We screened additional inhibitors of the PI3K/AKT/mTOR pathway ( Table 1) to identify putative pharmacological targets for the efficient induction of apoptosis in lipoma cells. Although long-term incubation with sirolimus was shown to exert inhibitory effects on mTORC-2 also (19), treatment with mTORC-1/-2 inhibitors led to a stronger decrease in the viability of lipoma cells. The observed proapoptotic effects of perifosine (AKT inhibitor) and LY294002 (PI3K inhibitor) on lipoma cells could be mediated by a negative regulation of the Forkhead transcription factor Foxo1 on phosphorylation by AKT (20) . Inhibition of PI3K/AKT might represent a future treatment option for lipomatosis linked with defects in the PTEN gene. Limited potentially beneficial effects of perifosine treatment for colorectal cancer and multiple myeloma were reported (21) . Nevertheless, grades 3-4 adverse effects (e.g., anemia, hand-foot syndrome, or pulmonary embolism) (21, 22) limit the clinical applicability of perifosine.
METHODS
Consent and Ethics
Written informed consent of the parents was obtained for the culture of lipoma cells, collection, and presentation of clinical data as well as for sirolimus treatment. Ethics consent for sirolimus treatment was obtained from the internal review board of the Leipzig University Hospital.
Genotyping DNA was extracted using the FlexiGene DNA isolation kit (Qiagen, Hilden, Germany). Exons and flanking regions of PTEN (GenBank: NT_030059; NM_000314.4) were amplified by polymerase chain reaction and analyzed by direct DNA sequencing with the Mutation Surveyor V3.97 (SoftgeneticsLLC, State College, PA). To detect deletions/duplications of exons of PTEN, multiplex ligation-dependent probe amplification screening was performed (MRC-Holland, Amsterdam, The Netherlands). Break point analysis was performed using a custom-designed array-based comparative genomic hybridization of chromosome 10 (Source Bioscience, NimbleGen platform, Nottingham, UK). Further details of the method will be given on request.
MRI Reconstruction
MRI data (sequence = T1-turbo-spin-echo, echo time (TE) = 9.5 ms, repetition time (TR) = 670 ms, device: 3 tesla; Siemens, Erlangen, Germany) were assessed using the open source software Osirix-DICOM viewer (http://www.osirix-viewer.com/Contact.html). We used two-dimensional-growing brush regions of interest for (26) Perifosine (100 µmol/l) AKT 96.40 ± 0.60** 84.52 ± 0.90** Phase III (27) The presented data show the effects of inhibitors of the PI3K/AKT/mTOR signaling pathways on proliferation and apoptosis of the lipoma cell strain in vitro. Data of three independent experiments (WST-1 assays) in triplicates are shown. Apoptotic effects were assessed for the agents with a significant antiproliferative effect in three independent experiments in duplicates. mTORC, mammalian target of rapamycin complex; PI3K, phosphoinositide-3-kinase. *P < 0.01; **P < 0.001.
